Salmonella enterica serovar Typhimurium, similar to various facultative intracellular pathogens, has been shown to respond to the hostile conditions inside macrophages of the host organism by inducing stress proteins, such as DnaK. DnaK forms a chaperone machinery with the cochaperones DnaJ and GrpE. To elucidate the role of the DnaK chaperone machinery in the pathogenesis of S. enterica serovar Typhimurium, we first constructed an insertional mutation in the dnaK-dnaJ operon of pathogenic strain 3306. The DnaK/DnaJ-depleted mutant was temperature sensitive for growth, that is, nonviable above 39°C. We then isolated a spontaneously occurring revertant of the dnaK-dnaJ-disrupted mutant at 39°C and used it for infection of mice. The mutant lost the ability to cause a lethal systemic disease in mice. The impaired ability for virulence was restored when a functional copy of the dnaK-dnaJ operon was provided, suggesting that the DnaK/DnaJ chaperone machinery is required by Salmonella for the systemic infection of mice. This result also indicates that with respect to the DnaK/DnaJ chaperone machinery, the cellular requirements for growth at a high temperature are not identical to the cellular requirements for the pathogenesis of Salmonella. Macrophage survival assays revealed that the DnaK/DnaJ-depleted mutant could not survive or proliferate at all within macrophages. Of further interest are the findings that the mutant could neither invade cultured epithelial cells nor secrete any of the invasion proteins encoded within Salmonella pathogenicity island 1. This is the first time that the DnaK/DnaJ chaperone machinery has been shown to be involved in bacterial invasion of epithelial cells.
Salmonella enterica serovar Typhimurium causes gastroenteritis in humans and a lethal systemic disease in mice that serves as a model for human typhoid fever (for a review, see reference 28). Following oral infection, Salmonella colonizes the intestinal tract, penetrates the intestinal epithelium, and migrates to the mesenteric lymph nodes, where it is phagocytosed by professional phagocytic cells, such as macrophages, replicates intracellularly, and subsequently is disseminated to the spleen and liver (6, 9, 27, 32) .
Specific virulence factors encoded within Salmonella pathogenicity islands (SPIs) are required for the development of salmonellosis. SPI1 and SPI2 are major SPIs that encode structurally similar but functionally distinct type III secretion systems that translocate effector proteins directly into host cells to contribute to pathogenesis (25) . SPI1 functions are involved in the initial stage of salmonellosis, that is, the invasion of nonphagocytic cells and the penetration of gastrointestinal epithelium. SPI1-encoded proteins induce membrane ruffling of epithelial cells, thereby promoting bacterial uptake into enterocytes (7, 12) . SPI2-encoded factors function at a later stage of infection with Salmonella; that is, SPI2-encoded proteins are associated with survival within macrophages and subsequent systemic infection to reach and proliferate within the lymphatics and bloodstream (5, 24, 41) . However, much less is known about the mechanisms by which SPI2-encoded proteins alter host responses to Salmonella.
Intracellular pathogens, including S. enterica serovar Typhimurium, which maintain long-term resistance within host phagocytes, elicit a variety of genetic programs to help them adapt to the hostile environmental conditions encountered within phagosomes. Prominent among these programs is the heat shock response (3, 35, 50) . The heat shock response is well known to be induced by damaged proteins that accumulate after the exposure of cells to a variety of stress conditions, including a sudden elevation in temperature. It can be speculated that intracellular pathogens are subject to a considerable amount of protein misfolding and denaturation, resulting in the induction of the heat shock response within phagosomes. The heat shock proteins have been functionally divided into two groups, molecular chaperones and proteases. Evidence supporting the essential role of the heat shock proteins in Salmonella pathogenesis was initially demonstrated by insertional mutation of the protease gene, htrA, which resulted in attenuation of the bacteria in BALB/c mice (26) . The htrA gene encodes a periplasmic serine protease that is necessary for the degradation of abnormally folded proteins transported into the periplasmic space (44) .
Various investigators recently reported that the ATP-dependent proteases ClpXP (52) and Lon (45) , which are also known to be heat shock proteins, are essentially involved in systemic infection with S. enterica serovar Typhimurium in BALB/c mice. ClpXP and Lon are required for the survival and growth of S. enterica serovar Typhimurium within macrophages and cope with the accumulation of damaged proteins within phagosomes. Furthermore, it was shown that the Lon protease controls Salmonella invasion through the negative regulation of SPI1 gene expression (46) .
DnaK forms a chaperone machinery with the cochaperones DnaJ and GrpE and is involved in many cellular processes, such as DNA replication of the bacterial chromosome, RNA synthesis, protein transport, cell division, and autoregulation of the heat shock response (13, 22) . Furthermore, this chaperone machinery nonspecifically interacts with many unfolded and misfolded proteins and therefore assists in proper folding, helps in refolding, prevents aggregation, and mediates the degradation of misfolded proteins (19, 40) . In Escherichia coli, the DnaK/DnaJ chaperone machinery and cellular ATP-dependent proteases, such as Lon, ClpXP, and HslVU, constitute the cellular network for the de novo folding and quality control of proteins (19, 47) .
To elucidate the role of the DnaK/DnaJ chaperone machinery in the pathogenesis of S. enterica serovar Typhimurium, we constructed a dnaK insertional mutation in pathogenic strain 3306, assessed its virulence in animal systems, and assayed the characteristics associated with virulence in vitro. Consequently, we found that the DnaK/DnaJ chaperone machinery is required by S. enterica serovar Typhimurium for invasion of epithelial cells and survival within macrophages and is essential for causing a systemic infection in the host.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The strains and plasmids used in this study are listed in Table 1 , and/or nalidixic acid (25 g ml Ϫ1 ), when necessary. DNA techniques. DNA purification, ligation, restriction analysis, PCR amplification, DNA sequencing, and agarose gel electrophoresis were carried out as previously described (52) .
Insertional inactivation of dnaK and dnaJ in S. enterica serovar Typhimurium 3306. To block the expression of the dnaK and dnaJ genes, which are in the same operon, a polar mutation was introduced into the upstream gene, dnaK, as follows. On the basis of the previously determined sequence of the dnaK gene of S. enterica serovar Typhimurium strain LT2 (GenBank accession number U58360), we designed PCR primers SK (5Ј-TTATGGATGGAACGCAGGCA CG-3Ј) and AK (5Ј-TATCAGACACGGACAGGCCAG-3Ј) to amplify the region from nucleotides 524 to 1471 of dnaK. The internal region of the dnaK gene of strain 3306 was amplified with these primers and subsequently cloned into pT7blue-2. The resultant plasmid, pTKY505, was cleaved at the Aro51HI site in the cloned fragment, filled, and ligated to a chloramphenical resistance (Cm) cassette, which was generated from BamHI-digested pNK2882 and filled. The resultant plasmid, pTKY508, was digested with SalI and SmaI, generating a dnaK::Cm fragment that was ligated to the SalI and SmaI sites of pCVD442, a transferable suicide vector. The resultant mutator plasmid, pTKY509, was introduced into strain SM10pir, which allows replication of the suicide vector by transformation. The chromosomal dnaK gene was replaced by the dnaK::Cm construct by conjugative crossover as previously described (51) . A double-crossover event resulting in a dnaK::Cm mutant was initially assessed by its sensitivity to ampicillin, a resistance marker for which is found on the suicide vector. Allelic exchange was checked by direct sequencing of the dnaK::Cm region in the resultant strain, CS2021, by PCR amplification with primers SK and AK, and by immunoblotting with anti-E. coli DnaK serum (Fig. 1) .
Cloning of the dnaK-dnaJ operon of S. enterica serovar Typhimurium 3306 into a low-copy-number plasmid. The dnaK-dnaJ region, including its promoter, of strain 3306 was amplified by PCR with a sense primer (5Ј-GGCCGACGG AATTCGTTAACAC-3Ј) and an antisense primer (5Ј-GAGGATAGCATGCG TTTAACAG-3Ј) and then cloned into a low-copy-number plasmid, pMW119.
Immunoblot analysis. Equivalent numbers of bacterial cells were suspended in sample buffer (31) , boiled for 5 min, and subjected to sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis. Separated proteins on the gels were transferred to Immobilon-P polyvinylidene difluoride membranes (Millipore, Bedford, Mass.). Proteins were reacted with rabbit anti-E. coli DnaK (1:25,000) antibody or anti-E. coli DnaJ antibody (1:25,000), followed by alkaline phosphatase-conjugated anti-rabbit immunoglobulin G as the secondary antibody. Enzymatic reactions were carried out in the presence of 300 g of nitroblue tetrazolium (Dojin, Kumamoto, Japan) ml Ϫ1 and 150 g of bromochloroindolylphosphate (Amresco, Solon, Ohio) ml Ϫ1 . Two-dimensional gel electrophoresis of secreted proteins. For preparation of proteins secreted into the medium, the bacterial culture was incubated at 30°C overnight and then centrifuged to remove cells. The filtered supernatant was mixed with prechilled trichloroacetic acid (TCA) (final concentration, 10%), chilled on ice for 15 min, and centrifuged at 10,000 ϫ g for 20 min. The pellet was washed once with 5% cold TCA and then with acetone. The acetone washing was repeated twice to completely remove TCA from the precipitate. The pellet was solubilized in sample buffer containing 8 M urea, 0.5% Nonidet P-40, 10 mM dithiothreitol, and 0.2% Bio-Lyte 3/10 (Bio-Rad, Hercules, Calif.). Isoelectric focusing in the first dimension was performed with a Protean IEF cell (Bio-Rad). Samples were focused in polyacrylamide gels within a pH range of 3 to 10 according to the manufacturer's instructions and resolved in the second dimension on sodium dodecyl sulfate-10% polyacrylamide slab gels. Total proteins were stained with Coomassie brilliant blue.
Identification of proteins on two-dimensional gels. Protein spots of interest on the two-dimensional gels were excised, destained, and digested in situ with endopeptidase Lys-C. After digestion overnight at 37°C, samples were centrifuged and further purified by using Zip-TipC 18 pipette tips (Millipore). An aliquot of a sample was taken for analysis by matrix-assisted laser desorption ionization mass spectrometry.
Assay for mouse virulence. Bacterial cells grown in L broth at 37°C to late exponential growth phase were centrifuged at 8,000 ϫ g for 10 min at room temperature and suspended in phosphate-buffered saline (PBS) (pH 7.0) containing 0.01% gelatin. The actual number of bacteria present was determined by counting of viable cells. Seven-week-old female BALB/c mice (Charles River Japan, Yokohama, Japan) were orally or subcutaneously inoculated. At various times after inoculation, the spleens, Peyer's patches, or popliteal lymph nodes (PLNs) were aseptically removed and then homogenized in PBS-gelatin. The numbers of viable bacteria in the organs of the infected mice were determined by plating serial 10-fold dilutions of the homogenates on L agar plates. Colonies were routinely counted 24 h later.
Assay for survival and growth within macrophages. RAW264.7 and J774.1 macrophages were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, N.Y.) containing 10% fetal calf serum (FCS) and 4 mM L-glutamine at 37°C. A total of 4 ϫ 10 5 cells in each well of 24-well plates were challenged with S. enterica serovar Typhimurium strains at a multiplicity of infection of 10. The plates were centrifuged for 5 min at 500 ϫ g to enhance and synchronize infection. The cells were incubated for 30 min at 30 or 37°C to permit phagocytosis, and the free bacteria were removed by three washes with Hank's balanced salt solution (HBSS) (Sigma, St. Louis, Mo.). DMEM containing 10% FCS and 100 g of gentamicin ml Ϫ1 was added, and the cells were incubated for 1.5 h at 30 or 37°C. The cells were washed with prewarmed HBSS three times and then incubated with DMEM containing 10% FCS and 10 g of gentamicin ml
Ϫ1 at 30 or 37°C. The wells were sampled at various times after inoculation by aspirating the medium, performing three washes with HBSS, and lysing the contents of each well with PBS containing 0.2% Triton X-100. Triplicate samples were plated individually after appropriate dilution.
Assay for invasion of epithelial cells. Intestine-407 tissue culture cells were maintained in DMEM supplemented with 10% FCS. Cells (2 ϫ 10 5 ) were used to seed 24-well tissue culture plates to obtain about 90% confluent monolayers on the following day. For the preparation of bacterial cultures, a single colony was inoculated into L broth and grown to an optical density at 600 nm of 0.5 with shaking at 30°C. Bacterial cells were washed with HBSS and used to inoculate monolayers previously washed with HBSS at a multiplicity of infection of 10. The monolayers were incubated for 2 h at 30°C, washed thoroughly with HBSS, and lysed with 0.2% Triton X-100 in PBS to determine the total numbers of bacteria associated with the tissue culture cells. Alternatively, to assess the numbers of intracellular bacteria, the infected tissue culture cells were further incubated for 3 h in DMEM containing 100 g of gentamicin ml
Ϫ1 to eliminate extracellular bacteria before lysis with the Triton X-100 solution. Bacterial numbers were determined by plating the lysates on L agar plates after appropriate dilution.
RESULTS
Construction of a DnaK/DnaJ-depleted mutant of S. enterica serovar Typhimurium. DNA sequence analysis of the dnaK region of S. enterica serovar Typhimurium strain LT2 (GenBank accession number U58360) has revealed that dnaK is linked to dnaJ, similar to the dnaK-dnaJ operon in E. coli (2) . Therefore, a genetically defined dnaK-dnaJ mutant was constructed as described in Materials and Methods. The disruption of the dnaK gene in the resultant mutant strain, CS2021, was confirmed by immunoblotting analysis in which antiserum specific for the E. coli DnaK protein failed to recognize a DnaK protein in cell lysates from the mutant strain (Fig. 1A , third lane) but did recognize a band corresponding to approximately 70 kDa in cell lysates from the wild-type strain (first lane) and the dnaK::Cm mutant strain carrying pTKY608, in which the dnaK-dnaJ operon is regulated by its own promoter (fourth lane). To examine whether the insertion of the Cm cassette affects the expression of dnaJ, lysates from wild-type and dnaK::Cm mutant strains were subjected to immunoblotting analysis with antiserum specific for the E. coli DnaJ protein (Fig. 1B) . The absence of a band corresponding to DnaJ suggests that the insertion of the Cm cassette in dnaK results in a polar effect on the expression of dnaJ (Fig. 1B, third lane) . The introduction of plasmid pTKY608 carrying the dnaK-dnaJ operon into the dnaK::Cm mutant strain results in the detection of DnaJ (Fig. 1B, fourth lane) . Since it is well known that DnaK requires an interaction with DnaJ to function as a molecular chaperone (13, 16, 34, 48) , we decided to use mutant strain CS2021 carrying the dnaK::Cm allele to study the role of the DnaK/DnaJ chaperone machinery in S. enterica serovar Typhimurium.
Isolation of a suppressor of the temperature-sensitive phenotype of the dnaK::Cm mutant. dnaK::Cm mutant strain CS2021 was initially characterized for its growth and viability at different temperatures. The mutant forms small colonies on L agar plates at 30 and 37°C but is nonviable above 39°C (data not shown). The growth curves for the dnaK::Cm mutant strain and the isogenic wild-type strain at 30 and 39°C are shown in Fig. 2 . There is no difference in the rates of growth of the wild-type strain at the different temperatures examined. On the contrary, the growth of the dnaK::Cm mutant strain is slower and reaches lower stationary-phase cell densities at even the permissive temperature of 30°C. Its growth clearly is inhibited at 39°C. The growth defect of strain CS2021 was completely complemented when the functional dnaK and dnaJ genes in the low-copy-number vector pTKY608 were provided. Since the defect in the growth of the dnaK::Cm mutant strain at 39°C would not permit us to evaluate its virulence by infection of mice, we decided to isolate spontaneously occurring mutants of the strain at 39°C. This strategy was based on the hypothesis that the cellular requirements for DnaK/DnaJ at a high temperature might not be identical to the cellular requirements for DnaK/DnaJ in the pathogenesis of S. enterica serovar Typhimurium. Four isolates capable of forming colonies on L agar plates at 39°C were characterized for growth at different temperatures. These isolates had similar growth curves at different temperatures, and strain CS2069 was chosen as a representative (Fig. 2) . In the present study, none of the strains that suppressed the temperature-sensitive phenotype (Ts ϩ suppressor strains) had a growth rate that was similar to that of wild-type cells even at 30°C. Therefore, we decided to use suppressor strain CS2069 for further analysis by infection of mice.
The DnaK/DnaJ chaperone machinery is essential for the virulence of S. enterica serovar Typhimurium in BALB/c mice. One assessment of the virulence of S. enterica serovar Typhimurium is the ability of bacteria to establish a lethal systemic infection in mice. To test whether the DnaK/DnaJ chaperone machinery is required for systemic infection of mice with S. enterica serovar Typhimurium, we determined the ability of the dnaK::Cm mutant to colonize the organs of BALB/c mice. Mice were inoculated orally with 5 ϫ 10 8 CFU of strain 3306 (dnaK ϩ ) or CS2069 (dnaK::Cm, Ts ϩ suppressor). The numbers of bacteria in Peyer's patches and spleens were assessed on day 5 after inoculation ( Fig. 3, left panel) . Mice infected with 3306 had more than 10 5 bacteria in both the spleens and the Peyer's patches on day 5 after infection. All five mice infected with 3306 died at day 6. In contrast, mice infected with mutant strain CS2069 had less than 10 bacteria in both the spleens and the Peyer's patches on day 5 after infection. These results suggest that mutant strain CS2069 was highly attenuated in mice.
BALB/c mice also were inoculated subcutaneously with 2 ϫ 10 5 cells of strain 3306 or CS2069, and the viable numbers of bacteria in the spleens and PLNs were determined on day 3 after challenge ( Fig. 3, right panel) . Wild-type strain 3306 colonized the spleens and PLNs in large numbers and resulted in death 4 days after infection. Again, the DnaK/DnaJ-depleted strain, CS2069, exhibited an impaired ability to cause systemic infection of mice with S. enterica serovar Typhimurium.
To confirm that the impaired ability of strain CS2069 to cause a systemic infection in mice is due to the depletion of the DnaK/DnaJ chaperone machinery, a functional dnaK-dnaJ operon was provided in trans by the introduction of a low-copynumber plasmid carrying the operon of 3306 and tested for complementation of the dnaK::Cm mutation by assessing the ability to colonize the spleens and PLNs of BALB/c mice infected subcutaneously. The viable numbers of bacteria recovered from the organs on day 3 after inoculation are shown in Fig. 3 , right panel. The impaired ability of CS2069 (dnaK::Cm, Ts ϩ suppressor) to cause a systemic infection was restored when we provided a functional copy of the dnaK-dnaJ operon in strain CS2773 (dnaK::Cm/pTKY608, Ts ϩ suppressor). The fact that the virulence of strain CS2069, which carries the Ts ϩ suppressor mutation, could be restored by providing a functional copy of the dnaK-dnaJ operon supports our hypothesis that the cellular requirements for the DnaK/DnaJ chaperone machinery to grow at a high temperature may not be identical to the cellular requirements for the machinery in the pathogenesis of S. enterica serovar Typhimurium. On the basis of these results, we concluded that the DnaK/DnaJ chaperone Depletion of the DnaK/DnaJ chaperone machinery impairs the ability of S. enterica serovar Typhimurium to survive within macrophages. Depletion of the DnaK/DnaJ chaperone machinery greatly reduces the ability of S. enterica serovar Typhimurium to cause systemic disease in BALB/c mice by both the natural and the subcutaneous routes of infection. One of the most likely factors contributing to the reduced ability of the Salmonella mutant to cause systemic infection is the reduced capacity to survive the bactericidal action of professional killing cells, such as macrophages, in mice. To examine whether the dnaK::Cm mutant can survive the killing mechanism and proliferate within macrophages, strains CS2021 (dnaK::Cm) and CS2069 (dnaK::Cm, Ts ϩ suppressor) were examined for their ability to survive and proliferate within cultured macrophages. Murine macrophage-like J774.1 cells were challenged with either 3306, CS2021 (dnaK::Cm), or CS2069 (dnaK::Cm, Ts ϩ suppressor) for 24 h at 30°C, and the number of viable bacteria within macrophages was determined. As shown in Fig.  4 , the number of viable 3306 bacteria was decreased during the first 2 h of incubation, indicating that the initial interaction with macrophages was the most bactericidal. After the initial decrease, the wild-type parent strain grew and increased in In contrast, strains CS2021 (dnaK::Cm) and CS2069 (dnaK::Cm, Ts ϩ suppressor) were more rapidly killed than the wild-type parent strain during the first 2 h of incubation in J774.1 cells. Neither mutant strain grew during the 24 h following phagocytosis, suggesting that the DnaK/DnaJ-depleted mutant is extremely sensitive to the killing mechanism of macrophages. The loss of the ability of strains CS2021 and CS2069 to survive and grow within macrophages was fully complemented when a functional dnaK-dnaJ operon on low-copynumber plasmid pTKY608 was provided.
The effect of DnaK/DnaJ depletion on the intracellular survival of S. enterica serovar Typhimurium also was examined with a different macrophage cell line, RAW264.7. Since RAW264.7 cells grow less well at 30°C, assessment of the ability of the DnaK/DnaJ-depleted mutant to survive and grow in RAW264.7 cells was performed with Ts ϩ suppressor mutant CS2069 at 37°C. The results shown in Fig. 4 indicate that mutant strain CS2069 could not survive or grow within macrophages, whereas the wild-type parent strain grew after an initial decrease, similar to its pattern of growth within J774.1 cells. Complementation with a functional dnaK-dnaJ operon on low-copy-number plasmid pTKY608 resulted in the restoration of wild-type-like survival and proliferation within RAW264.7 cells. The results of the assays of survival within cultured macrophages revealed that the DnaK/DnaJ chaperone machinery of S. enterica serovar Typhimurium is critically important for surviving the killing mechanism and growing within macrophages, resulting in a systemic infection. The results also suggest that the cellular requirements for the DnaK/ DnaJ chaperone machinery at a high temperature may not be identical to the cellular requirements for the machinery in escaping the bactericidal mechanisms of macrophages.
Depletion of the DnaK/DnaJ chaperone machinery impairs the ability of S. enterica serovar Typhimurium to invade epithelial cells. We next examined the ability of the DnaK/DnaJdepleted mutant to invade epithelial cells. Cultured intestine-407 cells were used to assess the ability of mutant strains CS2021 (dnaK::Cm) and CS2069 (dnaK::Cm, Ts ϩ suppressor) to invade at 30 and 37°C. As shown in Fig. 5 , both mutant strains adhered to monolayers of intestine-407 cells at levels equivalent to those of parent strain 3306. However, the depletion of the DnaK/DnaJ chaperone machinery greatly reduced the ability of S. enterica serovar Typhimurium to enter cultured epithelial cells. Both CS2021 and CS2069 mutant strains were approximately 1,000-fold less invasive than the wild-type parent strain. The loss of the invasiveness of the mutants was fully complemented when a functional dnaK-dnaJ operon on low-copy-number plasmid pTKY608 was provided. These results suggest that the DnaK/DnaJ chaperone machinery does not function at the step of the adhesion of S. enterica serovar Typhimurium to epithelial cells but is critically important for the subsequent invasion of host cells.
Proteome analysis of proteins secreted from the DnaK/ DnaJ-depleted mutant. The invasion of nonphagocytic cells by S. enterica serovar Typhimurium has been shown to be mediated by invasion proteins SipA, SipB, SipC, and SipD, which are secreted by the SPI1-encoded type III secretion system and translocated into the mammalian cell plasma membrane or cytosol. To examine the effect of the depletion of DnaK/DnaJ on these invasion proteins, we performed proteome analysis, comparing the proteins secreted from mutant strain CS2021 grown at 30°C and suppressor strain CS2069 grown at 37°C with those from parent strain 3306. As shown in Fig. 6 , the predominant proteins secreted into the culture medium of S. enterica serovar Typhimurium 3306 grown at 30 and 37°C are the SPI1-encoded proteins SipA, SipC, and SipD and the flagellum-related proteins FliC, FljB, HAP1, HAP2, and HAP3. The flagellar proteins are known to be exported by the type III secretion system specific for flagellar biogenesis (39) . Interestingly, none of the proteins secreted by the two systems was detected in the culture media of mutant strain CS2021 (dnaK::Cm) and suppressor strain CS2069 (dnaK::Cm, Ts ϩ suppressor), suggesting that the DnaK/DnaJ chaperone machinery is essential for the expression, stabilization, and/or secretion of both SPI1-encoded invasion proteins and flagellar proteins in S. enterica serovar Typhimurium.
DISCUSSION
It was hypothesized that the DnaK/DnaJ chaperone machinery plays an important role in allowing pathogenic bacteria to adapt to the hostile environment of the host macrophage phagosome, where bacteria are threatened by oxidative or nonoxidative bactericidal mechanisms. This hypothesis was based on evidence such as the elevated expression of DnaK along with other heat shock proteins in facultative intracellular pathogens, such as S. enterica serovar Typhimurium (3), Yersinia enterocolitica (50) , Legionella pneumophila (30) , and Brucella abortus (35) , growing within macrophage phagosomes after phagocytosis. Later, a study with an insertional mutation in the Brucella suis homologue of the dnaK gene led to the conclusion that DnaK contributes to the intracellular multiplication of B. suis, since the dnaK mutant could survive but failed to multiply within U937-derived phagocytes (29) . Although that study demonstrated the participation of the DnaK/DnaJ chaperone machinery in the interaction of bacterial cells with macrophages, the potential roles of the machinery in pathogenesis could not be examined because of the temperature sensitivity for growth of the mutant.
In the present study, isolation of the dnaK::Cm Ts ϩ suppressor mutant allowed us to examine the possible role of the DnaK/DnaJ chaperone machinery in the pathogenesis of S. enterica serovar Typhimurium in the mouse model. During the course of infection in mice, serovar Typhimurium colonizes many different organs, including the Peyer's patches of the small intestine, mesenteric lymph nodes, spleen, and liver, and causes a severe systemic infection, which can be fatal. The virulence assay after infection of BALB/c mice by oral and subcutaneous routes demonstrated that the DnaK/DnaJ-depleted mutant apparently lost the ability to colonize and cause systemic disease in mice (Fig. 3) . It was recently reported that the individual disruption of genes for the ClpXP and Lon proteases, which are heat shock proteins, results in attenuation and a chronic persistent infection without causing an overwhelming systemic infection in mice (45, 52) . In contrast, the DnaK/DnaJ-depleted mutant was completely cleared from the mice by day 6 and day 4 after oral and subcutaneous infections, respectively. Since the impaired ability of strain CS2069 (dnaK::Cm, Ts ϩ suppressor) to cause a systemic illness in mice was restored when a functional copy of the dnaK-dnaJ operon was provided, it can be concluded that the DnaK/DnaJ chaperone machinery is critically important for the pathogenesis of S. enterica serovar Typhimurium.
To gain a better understanding of why the DnaK/DnaJdepleted mutant lost the ability to colonize and cause systemic disease in mice, a variety of virulence properties were examined. Since the colonization and systemic growth of Salmonella in mouse spleen and liver are associated with the ability to survive and replicate within murine macrophages (9), we examined the fate of the DnaK/DnaJ-depleted mutant after phagocytosis by cultured macrophage cell lines J774.1 and RAW264.7. The results showed that mutant strains CS2021 (dnaK::Cm) and CS2069 (dnaK::Cm, Ts ϩ suppressor) apparently lost the ability to survive and replicate within both lines of macrophages (Fig. 4) , suggesting that the DnaK/DnaJ chaperone machinery of S. enterica serovar Typhimurium is essential for withstanding the killing mechanisms of macrophages and proliferating intracellularly.
To kill bacteria by phagocytosis, bacteria are first engulfed by endocytosis into phagosomes, which then fuse with lysosomes to form phagolysosomes. Most studies have shown that the majority of Salmonella species inhibit phagosome-lysosome fusion and replicate in phagosomes (4, 20, 42, 49) . Macrophages have developed an arsenal of oxygen-dependent and -independent mechanisms to effect killing; these include the production of toxic oxygen derivatives, such as hydrogen peroxide, superoxide anions, and hydroxyl radicals, via the respiratory burst (21) . In addition, the internalized organisms also are exposed to vacuolar acidification (15) . We examined the sensitivity of the DnaK/DnaJ-depleted mutant to hydrogen peroxide, which mimics the oxidative killing mechanism. There was no significant difference in sensitivity to hydrogen peroxide between the mutant and the wild-type parent (results not shown). We next examined the sensitivity of the DnaK/DnaJdepleted mutant to an acidic environment. The mutant was killed to a significantly higher extent below pH 3.5; e.g., the survival fractions of wild-type and mutant cells were 50 and 0.2%, respectively, for 30 min at pH 3.25 (data not shown). At pHs 4.0 to 7.6, there was no difference in viability between the wild type and the DnaK/DnaJ-depleted mutant. A previous study with macrophages after phagocytosis of killed Salmonella cells documented that acidification of phagosomes to a pH of Ͻ5.0 occurred within minutes after phagocytosis and that fusion with lysosomes resulted in further acidification to a pH of Ͻ4.5 (1). In contrast, macrophage phagosomes containing live Salmonella cells maintained the compartment at pHs 5.5 to 6.0 for 1 to 2 h and required 4 to 5 h to reach a pH of Ͻ5.0. Therefore, the increased sensitivity of the DnaK/DnaJ-depleted mutant observed only under acidic conditions (ϽpH 3.5) would not explain the impaired ability of the mutant to survive within macrophages, as shown in Fig. 5 .
After uptake by macrophages, S. enterica serovar Typhimurium replicates in a membrane-bound compartment, referred to as the Salmonella-containing vacuole (SCV) (39) , which is segregated from the late endocytic pathway (20, 37, 42, 49) . The interactions between Salmonella and macrophages are extremely complex, and replication within the SCV is a multifactorial process involving numerous bacterial genes. These include the spv operon located on the virulence plasmid (18, 33) , the PhoP/PhoQ regulon (14, 38) , and the SPI2 genes (23, 49) . Recently, it was demonstrated that the regulator controlled by the PhoP/PhoQ two-component system makes a major contribution to trafficking of the SCV in macrophages (14) . To understand how the DnaK/DnaJ chaperone machinery is involved in the intracellular proliferation of S. enterica serovar Typhimurium, future studies must focus on the possibility that it may function in SCV biogenesis in macrophages.
Of further interest is the finding that the DnaK/DnaJ-depleted mutant could not invade cultured epithelial cells (intestine-407) (Fig. 5) . It is known that the invasion of epithelial cells by S. enterica serovar Typhimurium is mediated by the SPI1-encoded invasion proteins (7, 12) . It was previously demonstrated that the SPI1-encoded proteins and flagellum-related proteins, which are also secreted by a type III secretion system, are the predominant proteins secreted into culture media (46) . Proteome analysis of the secreted proteins from DnaK/DnaJ-depleted mutant cells revealed that none of the SPI1-encoded proteins was secreted into the culture medium (Fig. 6) . Among the SPI1-encoded proteins are SipA to SipD, which are translocated into the mammalian cell cytosol and trigger host signal transduction pathways, resulting in profuse actin cytoskeletal rearrangements and membrane ruffles at the point of bacterial cell-host cell contact that ultimately lead to bacterial uptake (10, 11) . Therefore, the inability of the DnaK/ DnaJ-depleted mutant to invade intestine-407 cells could have been due to the loss of Sip proteins, which are essential for bacterial entry.
The synthesis of the SPI1-encoded type III secretion apparatus and most of its secreted effectors is controlled by a complex regulatory system. Many studies have shown that the SPI1-encoded transcriptional regulators HilD, HilC, HilA, and InvF act in an ordered fashion to coordinately activate the expression of SPI1 (for a review, see reference 36). HilD and HilC derepress hilA transcription. HilA activates invF as well as other SPI1 genes and therefore plays a key role in coordinating the expression of the SPI1-encoded type III secretion system. Since none of the SPI1-encoded proteins was secreted from the dnaK::Cm mutant, it is likely that the DnaK/DnaJ chaperone machinery is involved in the expression of SPI1 through interactions with regulators such as hilD, hilC, hilA, and/or invF. Alternatively, the type III secretion apparatus may not function in DnaK/DnaJ-depleted cells. Studies of the VOL. 72, 2004 SALMONELLA DnaK/DnaJ CHAPERONE AND VIRULENCE 1371
on September 22, 2017 by guest http://iai.asm.org/ mechanism by which this chaperone machinery regulates the SPI1-encoded type III secretion system are now in progress. Proteome analysis also revealed that none of the flagellar proteins was secreted from DnaK/DnaJ-depleted cells (Fig. 6 ). In agreement with this finding, we observed that the mutant was nonmotile. Nonflagellar mutants derived from S. enterica serovar Typhimurium 3306 by the inactivation of fliC, encoding the flagellar filament, remained virulent in BALB/c mice (unpublished data), suggesting that the flagellar defect caused by DnaK/DnaJ depletion is not responsible for the loss of virulence of the mutant. For E. coli, DnaK and DnaJ were previously reported to be required for flagellum synthesis by affecting the transcription of the flhD and flhC genes, which are at the apex of the flagellar regulon (43) . In contrast, the dnaK::Cm mutation did not affect the transcription of flhD and flhC in S. enterica serovar Typhimurium (unpublished data). The regulatory mechanism of flagellum synthesis by the DnaK/ DnaJ chaperone machinery in Salmonella will be published elsewhere.
